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The effects of lattice distortion and chemical disorder on charge transport properties of two-
terminal zigzag phosphorene nanoribbons (zPNRs), which shows resonant tunneling behavior under
an electrical applied bias, are studied. Our comprehensive study is based on ab initio quantum
transport calculations on the basis of the Landauer theory. We use nitrogen and silicon substitutional
dopant atoms, and employ different physical quantities such as the I − V curve, voltage drop
behavior, transmission spectrum, transmission pathway, and atomic current to explore the transport
mechanism of zPNR devices under a bias voltage. The calculated transmission pathways show the
transition from a ballistic transport regime to a diffusive and in some particular cases to localized
transport regimes. Current flowing via the chemical bonds and hopping are monitored, however, the
conductance originates mainly from the charge traveling through the chemical bonds in the vicinity
of the zigzag edges. Our results show that, in the doped systems, the device conductance decreases
and the negative differential resistance characteristic becomes weak or is eliminated. Besides, the
conductance in a pure zPNR system is almost independent of the ribbon width.
PACS numbers:
I. INTRODUCTION
Nowadays, low-dimensional electronic devices have
gained great attention owing to their particular prop-
erties which could lead to a revolution in technology [1].
Graphene is the most well-known nanostructure material;
however, the absence of a band gap has limited its ap-
plication in electronic devices. During the last couple of
years, researchers have looked for other two-dimensional
(2D) crystalline materials beyond graphene nanomateri-
als, and monolayer phosphorene has been discovered as
a promising system. It is an elemental 2D crystalline
material where its bulk structure, named black phospho-
rus, is highly stable in ambient conditions. Similarly to
graphite, 2D phosphorene layers in black phosphorus are
kept together by van der Waals forces. The main proper-
ties of desirable electronic devices have been gathered in
phosphorene. It has a ∼ 1.4 eV direct band gap, high car-
rier mobility and high on/off ratio for field-effect transis-
tor applications [2–6]. In addition, the remarkable char-
acteristic of phosphorene as a 2D crystalline system, is its
high in-plane anisotropic properties which arises from its
structure and lead to the appearance of anisotropic be-
havior in its electronic structure, mechanical properties,
optical absorption, electrical and thermal conductivity,
transport, and optoelectronic responses [6–9].
As a general step toward the further investigation of
phosphorene-based nanoelectronic devices, phosphorene
nanoribbons (PNRs) have been extensively studied [10–
15]. According to the PNR edge structures, they are
elementarily classified into two types, namely armchair
PNRs (aPNRs) and zigzag PNRs (zPNRs). It has re-
cently been shown by us that the charge distributions
around the gap in aPNRs are localized in the middle of
the nanoribbons, while in zPNRs they are mostly dis-
tributed in the width of the ribbons [10]. Consequently,
physical properties of zPNRs are very sensitive to the
width, structural defects, and edge morphologies. There-
fore, they provide additional ways to access new physics
in zPNR devices [10, 14], and open up a door for further
research to explore new design with an experimentally
controllable manner.
It is worth mentioning that the edge-terminated zP-
NRs and aPNRs are semiconductors with a direct band
gap at the Γ point [10]. However, bare aPNRs (aP-
NRs with free edges) are semiconductors with an indirect
band gap, and in addition, bare zPNRs (zPNRs with free
edges) are metals [13]. There are some theoretical studies
on transport properties of the bare and edge-terminated
PNR systems [12–15] in which a high current intensity
and non linear I − V behavior, named negative differen-
tial resistance (NDR), where current decreases through
the bias voltage enhancement, are predicted. zPNRs are
the only known homostructure devices which show NDR
[12]. This particular property is important in high-speed
switches, logic devices, amplifiers, multi-valued memo-
ries, and high-frequency oscillators [16]. Besides, low-bias
NDR devices are useful to reduce power consumption of
electronic devices [16].
Knowing the sensitivity and possible tunability of
zPNR physical properties to structural manipulations
and imperfections, we can investigate the influence of
structural distortion and chemical defects on transport
properties of the zPNR devices. Such a study is very
essential to design experimental structures. For this pur-
pose, we consider nitrogen (N) and silicon (Si) substitu-
tional dopants in a zPNR system. Both N and Si atoms
are phosphorus neighbors in the periodic table, and re-
spectively as kinds of isovalence and isosize impurities
are good candidates to tune the transport properties of
zPNRs; N and Si are also two of the most abundant el-
ements in the environment. Substitution of Si by phos-
phorus atoms in silicon devices is a well-known subject in
semiconductor technology as a way to enhance transport
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2properties of the system. Here, we are interested in ex-
ploring the effect of Si substitutional dopant in transport
properties of the zPNRs. Si dopant atoms could induce
different changes on the electronic structure of systems
around the Fermi level which will be discuss in Sec. III A.
Besides, we should note that owing to the puckered struc-
ture of phosphorene, the appearance of different kinds of
lattice defects and structural distortions in phosphorene
compared to other 2D materials is more probable (for in-
stance see Ref. [17]). Considering the N substitutional
dopant by conserving the sp3 hybridization of the lat-
tice gives us the opportunity to explore the impact of the
lattice distortion on transport properties of the system.
In this article, we consider different decoration of
dopant atoms in the free-edges zPNR background to re-
veal the transport sensitivity to disorder place. Since
some important features of charge transport in zPNRs
are not clear, we will study how charge carriers travel
through the device. Moreover, the voltage drop behav-
ior, the local current density in pure zPNR devices, and
the effect of the ribbon width on transport behavior are
discussed.
We carry out ab initio electronic calculations, using
the combination of density functional theory (DFT) [18]
with nonequilibrium Green’s function (NEGF) [19] meth-
ods based on the successful Landauer formalism [20],
which explains the carrier transport through mesoscopic
systems in terms of scattering process. This method
has been widely used to calculate the transport prop-
erties of different classes of mesoscopic systems and good
agreements between experiment and theory have been
reported [21–25].
The rest of the paper is organized as follows. The theo-
retical and technical methods are discussed in Sec. II. We
present our results in Sec. III; namely, a brief description
of the electronic structure of pure and doped 2D phos-
phorene, and zPNRs, calculating transport properties in
equilibrium and nonequilibrium conditions for different
devices, the I − V characteristic, the transmission spec-
trum, the carrier types and their transmission pathway,
local current density, and voltage drop behavior of the
proposed systems are presented. Finally, we end with a
brief summary of our main results in Sec. IV.
II. METHODOLOGY
A schematic representation of a two-terminal free-
edges zPNR device is shown in Fig. 1. As illustrated
in the figure, this system consists of three main parts
involving semi-infinite left and right electrodes, and the
finite central scattering region. According to the semi-
infinite character of electrodes, the electrode states are
not perturbed by passing and reflecting the charge car-
riers. The scattering region is considered to be large
enough to avoid any overlap between the wave functions
of the right and the left electrodes. Under the bias volt-
age, the electrodes are at two different electrochemical
FIG. 1: (Color online) The computational setup for a two-
terminal free-edge zPNR device. The system consists of three
parts: semi-infinite left and right electrodes, and the central
scattering region. The length and width of the scattering
region are shown in the picture. The dots denote the semi-
infinite directions. The boxes show the left and right electrode
supercells containing two primitive unit cells with the length
of ∼ 0.7 nm. The electrode size in the transport direction
should be large enough that its orbitals only interact with
the nearest neighbor cell in the repeating system.
potentials. This causes that the charge carriers from the
source electrode, are partially transmitted through the
central region, and finally absorbed in the drain elec-
trode; also the reflected carriers come back to the source
electrode. Accordingly, the system is fundamentally dif-
ferent from the standard periodic systems. We face an
open boundary system along the transport direction with
a nonequilibrium electron density in the central region.
To describe this system, we thus use Green’s function
techniques on the basis of the Landauer formula, which
explains the quantum transport process using the scat-
tering theory [20]. Also, this gives rise to assuming only
coherent transport of carriers through the device.
To compute the transport properties of system, we use
the combination of ab initio density functional methods
with non-equilibrium Green’s function techniques (DFT-
NEGF) implemented in the TranSIESTA software [26].
This code provides the ability of calculating the electron
density of an open boundary system under a possible ap-
plied bias by self-consistent solution of the Poisson equa-
tion with appropriate boundary conditions. In addition
to the charge density, the electrostatic Hartree potential
and Kohn-Sham effective Hamiltonian are obtained by
the TranSIESTA calculations.
The first step to evaluate the transport properties is to
calculate the transmission spectrum, which depends on
the energy of the incoming carriers from the source elec-
trode and bias voltage, T (E, VBias). In order to under-
stand and analyze the transport mechanism, the trans-
mission spectrum can be integrated, decomposed or pro-
jected in different ways to extract the related quantities
such as current intensity, transmission pathway, and cur-
rent density [27]. According to the standard Landauer
formalism, current is obtained by taking the integral of
the transmission coefficient over the bias energy window.
The relation at bias voltage V is given by
I(V ) =
G0
e
∫ µR
µL
T (E, V )dE (1)
3where e and µL(R) = EF ± eV/2 are the electron charge
and the electrochemical potentials of the left (right) elec-
trode, respectively. The difference of the electrode po-
tentials is basically given by the value of the bias volt-
age, eV = µL − µR. The coefficient G0 = 2e2/h (h is
the Planck constant) is known as the quantum of the
conductance. The transmission coefficient is obtained
from the retarded Green’s function using T (E, V ) =
ΓL(E, V )G(E, V )ΓR(E, V )G
†(E, V ), where ΓL(R) is the
level broadening defined by ΓL(R) = i(ΣL(R) − Σ†L(R)),
ΣL(R) is the self-energy which describes the coupling of
the semi-infinite left (right) electrode to the finite central
region, and the retarded Green’s function of the central
region is computed by G = [E + iη −H − ΣL − ΣR]−1,
where H is a Hamiltonian matrix of the central region.
Before computing the transport properties, on the ba-
sis of ab initio methods, the geometries of the studied
structures are relaxed in order that all components of all
forces become less than 0.01 eV/A˚. The geometry op-
timization and electronic structure calculations are per-
formed using the SIESTA code [28] based on ab initio
DFT methods, and the transport calculations are car-
ried out using TranSIESTA. We use nonlocal Troullier-
Martins norm-conserving pseudopotentials to describe
the core electrons and linear combinations of the atomic
orbitals to expand the valence electrons. A double-ζ po-
larized basis set within the generalized gradient approx-
imation (GGA) in the scheme of Perdew, Burke, and
Ernzerhof (PBE) [29] is used in our calculations. The real
space Fourier expansion of the electron density is cut at
150 Ry. The Brillouin zone integrations are performed on
the Monkhorst-Pack [30] k-point grid of 1×1×10, for the
electronic structure calculations. It increases to 1×1×70
during the transport calculations. Note that such a large
number of k points is needed to simulate the semi-infinite
electrodes. To avoid the unphysical interactions between
periodic images and simulate an isolated system, we use
a vacuum gap of 20 A˚. The electron temperature is set at
300 K in our transport calculations. Our studied struc-
tures do not show any considerable magnetic moment.
As our calculations are limited to the low biases, we ig-
nore the computationally difficult structural relaxations
induced by the bias voltage.
In addition, we use several post-processing codes such
as TBtrans (tight-binding transport)[31] and the sisl util-
ity [32], as well as some home made programming to drive
and extract the electronic transport properties of the sys-
tem.
III. RESULTS AND DISCUSSION
Electronic band structure could provide some useful
understanding of transport behaviors around the zero
bias voltage. Thus, before studying the transport prop-
erties, we investigate the effect of Si and N substitutional
doping on the electronic structure of 2D phosphorene and
zPNR systems. Notice that the values of the length and
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FIG. 2: (Color online) Top row: The top view of 2D phos-
phorene (a), the N-doped phosphorene system (b), and two
types of Si-doped systems (c) and (d). The impurity concen-
trations in the doped systems are the same. N atoms are in
cyan, and Si atoms (the larger balls) are in blue. Bottom row:
The electronic band structure diagrams of the related systems
in similar-size supercells. In the semiconductor (metallic) sys-
tems, the top of the valence bands (Fermi level) is set to be
zero.
width of the scattering device are ∼ 3 and 1.5 nm in all
figures, unless we specifically define those values other-
wise.
A. Geometric and electronic structures of doped
zPNRs
Figure 2 shows the top view of the pure phosphorene
structure, as well as N, Si, and Si-Si doped phosphorene
systems. The dopant concentrations in all doped systems
are equal. The band structures of given configurations
are presented in the lower row of this figure. In phos-
phorene, each phosphorus atom from the fifth group of
the periodic table, covalently bonds with three other P
atoms, creating an sp3 hybridization and forming a semi-
conductor puckered honeycomb structure with a DFT
band gap around 1 eV. Nitrogen is isovalent with phos-
phorus, but it has a higher electronegativity, smaller size,
and more localized states, which cause a slight increase
in the band gap of the N-doped system [33]. Also, due to
its smaller size, it distorts the doped phosphorene struc-
ture and as Fig. 2(b) indicates, it removes some symme-
tries and degeneracies of the pristine system. However, a
strong similarity exists between N-doped and pure phos-
phorene band structures. Si, with four valence electrons,
is used for phosphorene p-type doping. It causes the pre-
senting of unpaired electrons in the system, and conse-
quently, it shows metallic behavior. Figure 2(d) displays
another decoration of the Si-doped phosphorene system,
where a pair of P atoms is substituted by a pair of Si
atoms. In this structure, the unpaired electrons are re-
moved by double bonding between Si atoms; as a result,
a direct band gap opens at the X symmetry point. How-
ever, the band structure of the system is very different
from that of the pure phosphorene. Its band gap is close
to the gap of the pure system, but it has been shifted
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FIG. 3: (Color online) Top row: The top view of the fully optimized structure of bare zPNR (a), two types of N-doped zPNRs
(b) and (c), and three types of Si-doped zPNRs (d), (e), and (f). The cyan spheres show nitrogen dopant atoms, and the
blue (larger) ones are Si dopant atoms. Bottom row: Electronic band structures of the related configurations; in the metallic
(semiconductor) systems, the Fermi level (top of the valence band) is set to be zero.
from the Γ point (in the pure system) to the X point.
Due to the dimerization of the unpaired electrons, the
Si-doped system shown in Fig. 2(d) is energetically more
favorable than the structure shown in Fig. 2(c).
The formation energy, which shows the energy needed
to create the doped system, is calculated as
EF = E
(n−m)P+mD
tot − EnPtot +mµP −mµD (2)
where n and m indicate the number of P and dopant
atoms in the system, E
(n−m)P+mD
tot (E
nP
tot ) denotes the
total energy of the system after (before) doping, µP is
the total energy per phosphorus atom in bulk black P,
and finally, µD, where D refers to N or Si, is the total
energy per N or Si atom, which is respectively obtained
by calculating the energy per atom in the N2 molecule
or diamond silicon crystal. The formation energies of the
doped systems presented in Fig. 2, from panels (b) to
(d), are respectively 0.73, 0.82, and 0.67 eV per impurity
atom. These energies are on the same order as or even
less than those of the well-known n- or p-type dopant
atoms in silicon structures [34]. In addition, we calculate
the formation energies of the doped systems regarding
three other reference states of P and Si atoms; the results
are reported in Ref. [35].
In Fig. 3, we present the top view of the bare zPNR
system, and five different configurations of N- and Si-
doped systems together with their electronic band struc-
tures. The widths of all displayed nanoribbons are the
same and the dopant concentrations in all doped zPNRs
are equal, except for the Si doping concentration in the
structure shown in Fig. 3(d), which is half that of the
others. Owing to the unpaired electrons of the edge P
atoms, the bare zPNR system is metal and midgap states
appear around the Fermi level. By doubling the zPNR
lattice parameter and halving its Brillouin zone, the de-
generacy of the half filled band at the Fermi level is bro-
ken and a small band gap (∼ 10 meV [14]) appears at
the Fermi level which is induced by the weak coupling
between the unpaired edge electrons. This effect is also
known as the Peierls transition [36].
In Figs. 3(b) and 3(c), two different N-doped nanorib-
bons are displayed. In both structures, dopant atoms are
placed at the zigzag edges. Both of these structures are
metals and their band structures are comparable to that
of the pure system; however, the band structure of the
configuration presented in Fig. 3(c) shows more changes
due to its stronger distortion.
Figures 3(d), 3(e), and 3(f) show the configurations
and the band structures of three different Si-doped zPNR
systems. In comparison with the N-doped zPNRs, the
lattice distortions of Si-doped systems are negligible but
the electronic structures of these systems are very differ-
ent from the band structure of the pure zPNR due to
the lack of an electron in the substitution of P with the
Si atom. Because of an odd number of electrons at the
edges of the structure displayed in Fig. 3(d), this con-
figuration shows a metallic behavior; the charge density
around the Fermi level originates from the edge P and
Si atoms. In the configuration shown in Fig. 3(e), both
P and Si edge atoms have an unpaired electron where
through dimerization of these electrons, this structure
would be a semiconductor. The last configuration pre-
sented in Fig. 3(f), has the same dopant concentration
as the structure shown in Fig. 3(e), but this structure is
metal since its edges are similar to the pure zPNR sys-
tem. Furthermore, its band structure close to the Fermi
level is comparable to that of the pure system. This
study reveals the influence of the doping position on the
electronic properties of the system.
The calculated formation energies (using Eq. 2) of the
doped structures presented in Fig. 3 from panels (b) to
(f) are respectively 0.62, 0.72, 0.77, 0.22, and 0.67 eVs
(see Ref. [35], too). The positive EF shows that the
doping process is endothermic which is a typical char-
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FIG. 4: (Color online) Top panels: Top view of the scattering
regions of three different sizes of bare zPNR systems. l = 3
and w = 1.5 nm denote the length and width of the scattering
region of the reference zPNR device shown in (a), and also
in Fig. 1. Bottom panel: Transmission spectra of the corre-
sponding structures. The solid line presents the transmission
profile of the reference zPNR device in the equilibrium con-
ditions (no bias). The dashed (dash-dotted) line shows the
transmission spectrum of the zPNR device with two times
the length (width).
acter of the doped systems [34]. The results indicate
that for Si dopant, the configuration shown in Fig. 3(e)
has a greater chance to be formed due to the dimeriza-
tion of the edge electrons. However in what follows, we
are considering different arrangements of dopant atoms
to explore and give a clear view of the doping effect on
transport properties of zPNR devices.
B. Transport in zPNRs: Equilibrium conditions
In this section, we present the results of transport cal-
culations in pure and Si-doped zPNRs under equilibrium
conditions. Here, the equilibrium means that the applied
bias over the system is zero and both the electrodes have
the same chemical potentials. The transmission spectra
calculated at equilibrium conditions cannot be used to
predict the full features of the transport properties of the
systems with individual quantized levels [37, 38] since the
linear response of the transport is valid when the applied
bias voltage is very small compared to the system energy
level broadening and its thermal energy [37, 38]. There-
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FIG. 5: (Color online) Top panels: Top view of the scatter-
ing regions of zPNR devices with single Si dopant atom at
each edge. Bottom panel: Transmission spectra of the corre-
sponding doped zPNRs at zero bias, T (E, 0 V ).
fore, as we mentioned in Sec. II, to explore zPNR devices,
we need to perform the more expensive and complicated
self-consistent calculations, including solving the Poisson
equation under the applied bias [37]. However, this study
could reveal some features of the charge transport around
the zero bias.
Figure 4 shows the calculated transmission spectra of
three different sizes of a pure zPNR device. The cen-
tral regions of the related structures are shown in the
upper panel of this figure. l and w refer to the length
and width of our reference device, displayed in Figs. 1
and 4(a). According to Fig. 4, the transmission spectra
of devices with the same width but different lengths of l
and 2l are exactly equal. This is an indication of the bal-
listic transport where the carriers propagate without any
scattering, unlike the Ohmic transport that resistance is
in proportion to the device length. This figure also gives
a comparison between the reference device and a twice
wider device; their transmission spectra around the Fermi
level are same as each other. This suggests that under
low biases, transport in zPNRs is carried out by the car-
riers localized near the ribbon edges. Additionally, the
quantized transmission plateaus are further evidence of
the ballistic transport regime in the pure zPNR system.
The transmission value at this regime is equal to the total
number of the transmitting channels in the corresponding
energy. The sharp antiresonance minimum at the Fermi
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FIG. 6: (Color online) The upper panels show the top view
of the scattering region of six different configurations of Si
dopant atoms in the zPNR device. Transmission spectra of
the corresponding configurations are presented in the lower
panel. It shows changes of transmission probability as a func-
tion of distance between Si atoms, the dopant concentrations,
and the place of the Si impurity with respect to the edges.
level of the transmission spectra in Fig. 4 arises from the
small band gap of the zPNR system discussed earlier in
Sec. III A.
In Fig. 5, we present the scattering region of five dif-
ferent Si-doped zPNR structures with a single defect at
each edge. The electrodes are pure zPNR systems. Our
aim of this study is exploring the impact of impurity po-
sition on the transport properties of the system. In the
first three (last two) structures, the impurity atoms are
placed in the same symmetry points of the lattice, but at
different distances against to the electrodes. Regarding
the transmission spectra appearing in the lower panel of
Fig. 5, the transmissions are almost suppressed in the
configurations shown in Figs. 5(d) and 5(f) due to the
strong scattering or non availability of the appropriate
states in the scattering region. These two configurations
are energetically less favorable than the other presented
structures, since Si atoms lose a couple of their bonds and
thus they have a high potential to trap electrons. Also, as
will be shown in the following section, at these two con-
figurations, impurity blocks two of the main transport
channels. The transmission behaviors of other structures
are not the same, but they are close to each other. Also,
the ballistic transport no longer exists in the doped sys-
tems due to the appearance of the scattering centers.
Figure 6 displays the central region of six different Si-
doped zPNR configurations. Our aim of this study is
threefold. The first one is finding the impact of the dis-
tance between atomic defects on transport, the next is
showing the effect of impurity positions with respect to
the edges on transport, and the last one is displaying
the influence of the number of impurities on transport.
The transmission profiles of the given structures are ex-
hibited in the lower panel of Fig. 6. There are three
configurations with double atomic defects on each edge.
The configuration shown in Fig. 6(a), with a closer dis-
tance between dopant atoms, shows the smaller trans-
mission around the Fermi level. The transmission of two
other configurations in the vicinity of the Fermi energy
is almost similar. Changes of the energy levels of the
structures presented in Figs. 6(b) and 6(c) are in a way
that their transmission spectra around the Fermi level are
stronger than the transmission probability of the single
Si-dopant structure displayed in Fig. 5. By shifting the
place of Si dopant atoms from the edges to the central
part of the ribbon, the transmission around the Fermi en-
ergy is reduced; because, as shown in Fig. 3(f), this kind
of defect could manipulate the states close to the Fermi
level, but its transmission is robust against increasing the
number of the central dopant atoms. However, through
increasing the number of the scattering centers in the
edges, the conducting channels are almost blocked and
transmission is strongly reduced.
C. Transport in zPNRs: Finite bias results
In this section, we investigate the conductance prop-
erties of the pure zPNR as well as eight different con-
figurations of N- and Si-doped zPNR devices, under an
applied bias voltage using fully self-consistent electronic
transport calculations on the basis of the NEGF formal-
ism, introduced in Sec. II.
The I − V curve characteristic of pure zPNR devices
has been reported previously [13–15], however, all fea-
tures of transport have not been studied. For the sake
of completeness, we comprehensively calculate the volt-
age drop, transmission pathways, atomic current, and
effect of the N and Si doping on zPNR systems in the
out-of-equilibrium conditions. Moreover, the size of our
considered device is different from theirs; therefore, one
can explore the influence of system size on the transport
properties.
From the physical point of view, a typical acceptable
applied bias over a nanostructure is only a few volts; in
order to be less than the breakdown voltage [37]. Thus,
our focus is on the biases in the range of 0− 1.7 (0− 1)
in the pure (doped) zPNR structure(s).
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FIG. 7: (Color online) I−V characteristic of the pure zPNR
device.
1. Pure system
Figure 7 shows the non linear I − V curve of the pure
zPNR device in the bias range between 0 and 1.7 V. As
the figure indicates, the current starts increasing linearly
as a function of the applied bias until the bias (total
current) equal to 0.4 V (∼ 40 µA); then a small plateau
appears in the curve in the bias area of 0.4−0.5 V and af-
terwards, the current decreases by increasing the applied
bias in the bias range between 0.5−1.1 V. This feature is
known as the negative differential resistance (NDR) phe-
nomenon. Another plateau occurs in the valley area of
the I − V curve in the bias range of ∼ 1.1− 1.6 V, and
then the current increases again under the applied bias.
The peak-to-valley ratio (PVR), which is determined as
the ratio of the current at the resonant tunneling peak
energy to that at the valley, is an important parameter
and it is obtained ∼ 25 for this system. The obvious low
bias NDR is important to reduce a power consumption
of the electronic devices. Also the plateaus appearing
at the peak and valley are useful characters for practical
applications.
Stemming from our numerical results shown in Fig.
7, the current intensity or the magnitude of the electric
current is on the order of several tens of micro amperes,
which is in the same range as the high current intensity
calculated in graphene nanoribbons [39] or the bare zBN
nanoribbons [40]; it is several orders of magnitude higher
than the current of H-terminated zPNR [13] and bare
armchair PNR [14] in the same voltages. The PVR value
in this system is comparable to the reported values in res-
onant tunneling diodes composed of group III −V com-
pounds, such as GaAs/InGaAs/AlAs with a PVR of ∼ 5
[41], or a PVR value of 50− 200 in defected aGNRs [42],
or 5.5 in the z-MoS2 nanoribbon [43], but very small in
comparison with the observed PVR value in CdSe quan-
tum dots (∼ 1000) [44].
The overall picture of the I − V characteristic in our
system is very similar to that of the zPNR device stud-
ied in Ref. [12] which is twice wider than our system,
because the dominant part of the current arises from the
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FIG. 8: (Color online) The solid line in the upper (lower)
panel shows the transmission spectrum of the zPNR device
under the bias voltage of 0.4 (1.3) V as a function of carrier
energy. The dashed (dot-dashed) lines denote the density of
states of the left (right) electrodes as a function of energy
under the corresponding biases. The shaded areas contribute
to the current intensity.
edges. However, there are some differences in the higher
bias voltages due to the small contribution of the central
part of the system in the transport at higher biases. As
a result, the reported PVR in the twice wider system is
equal to 7.4 which is one-third of ours. This difference
originates from the higher valley current of the wider sys-
tem. Also, the NDR bias window in their work is smaller
than ours. In their system at the bias voltage of 0.85
V, the current starts increasing. Moreover, the plateau
around the valley has not been seen in their works (see
also [13]). Consequently, the ribbon width can be used
as a way to control and improve the NDR characteristic.
The NDR phenomenon is the characteristic of the res-
onant tunneling devices [37, 38]. It was observed for the
first time in highly doped Ge systems [45] leading to the
discovery of the electron tunneling effect which was rec-
ognized with the Nobel prize in physics in 1973. The bias
voltage by shifting up and down the discrete density of
states, could provide the conditions that individual en-
ergy levels of the central region are located in the gap
area of electrodes and feel two potential barriers at two
ends of the scattering region, leading to the resonant tun-
neling transport and observed NDR behavior.
In order to explain the NDR mechanism in this system,
we present the transmission spectra, as well as the density
of states of the left and right electrodes in Fig. 8 under
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FIG. 9: (Color online) The transmission spectrum of the
zPNR system as a function of charge carrier energy and bias
voltage. The transmission integration over the bias window,
determined by the solid red lines, gives the current intensity
under the applied bias voltage. The dashed line shows the
Fermi level which is set to be zero.
the bias voltages of 0.4 V and 1.3 V, located in the peak
and valley areas of the I − V curve, respectively. The
quantized plateaus appearing in the transmission spec-
trum at the bias of 0.4 V (see the upper panel of Fig.
8) indicate that the carriers pass through the central re-
gion almost without reflection, pointing out the ballistic
transport regime. The value of the quantized transmis-
sion in the ballistic regime is equal to the number of the
conducting channels available at the given energy under
the bias voltage. The shaded area shows the integration
of the transmission over the bias window where based on
the Landauer formula, Eq. 1, it is proportional to the
current intensity. According to the results presented in
Fig. 8, the overlap between the density of states of the
left and right electrodes is necessary to have a non zero
transmission, but it is not the sufficient condition and the
availability of the appropriate energy levels in the central
region is also required. The transmission spectrum under
the bias voltage of 1.3 V indicates that high reflection ap-
pears in the system which arises from the band alignment
at the contacts. Also, there is no overlap between elec-
trode DOSs for the entire region of the higher bias of 1.3
V. Accordingly, both of these effects, which are coming
from shifting the discrete electrode DOSs via the electric
bias, result in reducing the transmission and occurrence
NDR in the system.
The transmission spectrum of the zPNR system as a
function of the carrier energy and bias voltage is illus-
trated in Fig. 9. The total current at a given bias volt-
age is defined by the transmission integration in the bias
window expressed by two solid lines. Note that trans-
mission in the negative (positive) energies refers to the
conductivity induced by holes (electrons). Therefore, in
FIG. 10: (Color online) Top panel: The calculated voltage
drop of the zPNR system across the central scattering region
at a bias of 0.4 V. The surface isovalue is 0.15 eV A˚−3. The
potential is strongly pinned to the left (positive) electrode.
Bottom panel: Transmission pathway at a bias of 0.4 V, which
shows how current flows through the device. The width of the
arrows is related to the magnitude of the local current density.
The local currents are totaled over the energy bias window.
the bias range between ∼ 0−0.5 V, the dominant part of
the conductance comes from holes. The NDR behavior
accompanies the changing of the type of the contribut-
ing carriers in the transport from holes to electrons or,
in other words, from the valence band to the conduction
band.
In order to investigate more details of the charge trans-
port mechanism in our device, we calculate the voltage
drop and transmission pathway (also known as bond cur-
rent) of our pure system under the electric bias of 0.4
V, and the results are displayed in Fig. 10. The volt-
age drop or potential profile is the difference between
the effective potential (here Hartree electrostatic poten-
tial) under a bias voltage and in equilibrium conditions.
Thus, it visualizes the small potential changes induced
by the applied bias. The result presented in the upper
panel of Fig. 10 indicates that a high voltage drop hap-
pens in the central part of the nanoribbon close to the
right electrode. Since the voltage drop is a measure of
the device resistance [37, 46], we conclude that this area
has a higher resistance against current flowing compared
to the edges. This behavior is confirmed by the trans-
mission pathway displayed in the lower panel of Fig. 10
which indicates that the current flowing in the central
part of the nanoribbon is negligible and the conductance
channels are localized at two edges.
The bond current or transmission pathway [27] is an
analysis tool which is derived from the splitting of the
9FIG. 11: (Color online) The contour plot of the atomic cur-
rent of the zPNR device under a bias voltage of 0.4 V. It
reveals the local current density of the system. The atomic
current values are integrated in the bias window.
transmission coefficients into the bond directions and
gives a pictorial explanation of the current flow in the
system. Note that information about the mathematical
equations of this quantity can be found in Refs. [32] and
[47]. The bond current illustrated in the lower panel of
Fig. 10 is totaled over the bias window. The directions of
the arrows show the direction of the local current density
flow and the widths of the arrows correspond to the mag-
nitude of the current density between the related pair of
atoms. Regarding Fig. 10, the transmission arises from
two different types of currents, namely the bonding cur-
rent which carriers pass through the chemical bonds, and
the hopping current which comes from the charge hop-
ping between pairs of atoms without any chemical bond
connection. As shown in the lower panel of Fig. 10, the
dominant part of current passes through the chemical
bonds at the zigzag edges. Also, a kind of loop current
arises from the charge hopping between the next nearest
neighbor P atoms of the same plane. This kind of the
loop current is similar to the loop current in graphene
nanoribbons [39]. Besides, the loop current has been seen
in a benzene ring of defected graphene [48, 49] and some
kinds of molecular junctions [50], but the loop current of
these systems arises from the chemical bonds. A small
current flowing is additionally observed between P atoms
in the upper and lower planes. Regarding the localiza-
tion of the transmission channels at the edges, the zPNR
device behaves like a truly 1D resonant tunneling device
under the bias voltage. The edge transport is the typical
properties of nanoribbon devices [39, 51, 52].
In Fig. 11, we present another transport property of
the zPNR system, named the atomic current [32]. The
atomic current is a scalar quantity with a single value for
each atom of the device. It thus gives an idea of the atom
contribution to the current flowing. Figure 11 shows a
contour plot of atomic current of the zPNR system under
an electric bias of 0.4 V; the atomic current quantities
are totaled over the bias window. Continuing this scalar
quantity will be used to give an intuitive picture of the
influences of doping in the system.
2. Dopant effects
Now we turn our attention to the transport properties
of the doped zPNR devices under an applied bias. Figure
12 shows the central part of our studied systems where
we consider eight different decorations of N- and Si-doped
zPNR devices. The number of the dopant atoms is equal
in all structures and the size of devices is the same as
our pure zPNR system presented in the previous part.
The atomic sizes of P and Si are close to each other, but
the smaller size of N atoms induces strong distortion in
the N-doped systems. The electrode parts, which are not
presented in the figure, are made of pure zPNR.
The I−V characteristics of the doped and pure zPNR
devices are displayed in Fig. 13 for the bias range of 0−1
V. Due to the left-right symmetry of the proposed struc-
tures, we just consider the positive biases. The dopant
atoms increase the device resistance and reduce the cur-
rent intensity in the presented bias values. This reduction
in the edge defected systems (the last three configura-
tions shown in Fig. 12) is stronger and the current inten-
sity decreases by an order of magnitude, and furthermore
the NDR characteristic is completely suppressed. The N-
and Si-doped configurations displayed in systems I and II
show the highest conductivity among the studied doped
systems. The loss of the current in the N-doped sys-
tem compared to the pure device is ∼ 20% (around the
peak area), while for the same configuration of Si dopant
atoms (system V), the current loss is ∼ 70%. This re-
veals the effect of conserving the sp3 hybridization in the
transport properties of the system. In the second system,
the current reduction around the peak bias is ∼ 20% but
in the higher biases, its current intensity is close to the
current of the pure system. A strong current reduction
(∼ 50%) is also observed in system IV without any edge
defects. The first five configurations shown in Fig. 12
exhibit the NDR characteristic. Also PVR parameters
are reduced from 25 in the pure system to 5, 3, 3, 4, and
2.9 in systems I–V, respectively.
The transmission spectra of the doped systems as func-
tions of the carrier energy and applied bias are illustrated
in Fig. 14. The solid red lines in the figure correspond
to the bias window. The lowest transmissions occur at
the edge defected systems. In the other structures except
systems II and III, the dominant part of the conductance
comes from the hole contribution, especially at the lower
biases. In systems II and III, both electrons and holes
contribute in the transport and consequently, the con-
ductance reduces more slowly at the NDR region.
Figure 15 shows how voltage drops through the cen-
tral part of the pure and doped systems under the bias
voltage of 0.4 V. The voltage drop is plotted along the
transport direction and it is averaged in the perpendicu-
lar directions. As the figure indicates, the voltage drop
of the pure system is not a linear ramp, and it is closer
to the right (negative) electrode. This behavior can be
explained by the strong coupling of the scattering region
to the left (positive) electrode which pins the potential
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FIG. 12: (Color online) The optimized structures of the proposed N - and Si-doped zPNR devices. The cyan spheres in the
first and last systems, show N atoms; Si atoms are in blue (the larger spheres).
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FIG. 13: (Color online) I − V characteristics of the doped
zPNR structures shown in Fig. 12. The current is strongly
suppressed by the edge disorder. The I−V curve of the pure
system has been plotted as well.
FIG. 14: (Color online) Transmission spectra as functions
of the carrier energy and applied bias for the doped zPNR
systems where their corresponding geometries are shown in
Fig. 12.
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FIG. 15: (Color online) The self-consistent voltage drop
along the transport direction for the doped and pure zPNR
devices at an external bias of 0.4 V. It has been averaged in
the two other directions perpendicular to transport.
to this electrode. Also, this is further evidence of the
hole-dominant conductivity in this system. The pinning
character in the doped systems is smaller than in the pure
system. For the edge-defected structures which show very
low conductance, the voltage drops more linearly. In the
Appendix, we display the voltage drop under the bias of
1 V; the results indicate that the pinning effect at this
bias becomes smaller.
To visualize the effect of substitutional dopant atoms
on the transport properties of the system, we calculate
the atomic currents of those studied doped systems which
show NDR behavior and have higher conductivity. Fig-
ure 16 illustrates the subtraction of the atomic currents
of the pure system (shown in Fig. 11) and the atomic
current of the corresponding structures (shown in the
Appendix) under the applied bias of 0.4 V. The elec-
trode regions are also displayed in these plots. The re-
sults indicate that in the presented doped systems, the
dominant part of the conductance originates from the
edges. In Fig. 16, the areas with higher current con-
tribution in the pure (doped) system are positive/red
(negative/blue). We conclude that the highest positive
(negative) regions appear around the dopant atoms in
the edges (central part). In what follows, we will show
that the dopant atoms in the edges behave like a current
blocker, while Si dopant atoms in the central part behave
like an electron trap.
In order to show how dopant atoms affect the local cur-
rent flow, Fig. 17 presents the transmission pathways in
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FIG. 16: (Color online) The subtraction of the atomic cur-
rents of those doped systems which show higher conductivity
as well as the NDR characteristic from that of the pure system
(presented in Fig. 11). The blue stars (cyan diamonds) show
Si (N) dopant atoms in the zPNR background. The atomic
current of the corresponding doped systems is illustrated in
the Appendix.
the doped systems under a bias of 0.4 V where the current
densities are totaled over the bias window. The widths of
the arrows correspond to the magnitude of the local cur-
rent densities. The transport channels are almost blocked
in the last three systems where the defects are located at
the edges. This indicates that the transmission channels
are limited on the atoms at the edges. Even in system VII
with only two dopant atoms at each edge, the current flow
is strongly suppressed. Also, it is shown that two edge
vacancies strongly decrease the current [15]. A transition
from the ballistic transport regime in the pure zPNR de-
vice to the diffusive and localized transport regimes in the
doped systems is clearly observed. The isoelectronic N
dopant atoms in the first system conserve the sp3 bonding
environment which causes less backscattering in this sys-
tem. The current density arrows visualize how the charge
carriers move through the scattering region and reach the
other electrode. We conclude that the edge Si atoms be-
have like blocker centers as they close the conductance
channels and strongly suppress the current flow, while
the central Si dopant atoms by trapping the electrons be-
have like scattering centers which attract and scatter the
charge carriers and consequently increase the resistance.
As we discuss in Sec. III B, even the distance of the edge
impurity with respect to the electrodes affects the cur-
rent flux (the magnitude of current passing through the
channels). In other words, every location in the edges
does not produce an equal influence on transport and ac-
cordingly, the current flows in the edge-defected systems
as well as in the second and third systems are not equal
at the edges.
IV. SUMMARY
In this paper, on the basis of ab initio density
functional calculations combined with the nonequilib-
rium Green’s function formalism and the Landauer for-
mula, we have studied quantum charge transport in a
two-terminal free-edges zigzag phosphorene nanoribbon
(zPNR) device under a bias voltage. In addition, we
have considered N and Si substitutional dopant atoms,
as kinds of isovalence and isosize impurities in the sys-
tem, to explore the role of stress and chemical disorder
on transport properties and performance of the system.
Regarding the important role of the band structure
properties on the transport behaviors, we have first intro-
duced the electronic structures of pure and doped phos-
phorene and their zigzag nanoribbons. Then, by consid-
ering zPNR devices with various dopant configurations,
with respect to the impurity distance from the edges and
electrodes in equilibrium and out of equilibrium condi-
tions, the following results are achieved.
By calculating the transmission pathways, we have vi-
sualized how charge carriers propagate through the scat-
tering region from the source electrode toward the drain,
in the pure system as well as in the doped systems. Both
the bond current and the hopping current are observed
in the system; however, the dominant part of the current
density moves through the chemical bonds at the vicinity
of the edges where the hopping current induces a kind of
weak loop current in the system. The conductance to-
tally decreases in the doped devices under our studied
bias range (0 - 1 V). Our numerical results predict that
even a small number of edge impurities can suppress the
current flowing. Moreover, it depends on the place of
defects with respect to the electrodes. By moving the
atomic defects from the edges to the central part of the
ribbon, the transition from the localized transport regime
to the diffusive transport regime is displayed. The pure
system shows the ballistic transport regime.
The strong correlation between discrete electrode den-
sity of states and transmission spectra are used to explain
the negative differential resistivity mechanism in our de-
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FIG. 17: (Color online) Visualization of the transmission pathways (or bond current) through the scattering region of the
studied doped systems. The blue stars (cyan diamonds) present Si (N) dopant atoms in zPNR background. The Si atoms at
the central part of the nanoribbons behave like scattering centers, while dopant atoms at the edges are like a current blocker.
Regarding the positions of dopant atoms, the diffusive transport regime as well as the localized regime are observed.
vice. The results indicate that the individual discrete
electrode DOSs have an important role in manipulating
the effective potential barrier and resonant tunneling con-
duction regime. The negative differential resistivity effect
is observed in the pure system as well as in doped systems
under diffusive regimes, but it is completely quenched in
the edge-defected systems (systems VI, VII, and VIII).
The Si dopant atoms at the edges behave like current
blocker centers, but in the central region, they are like
scattering centers. The voltage drop is closer to the neg-
ative electrode, which implies a larger resistance and an
energy loss in this region. The charge transport proper-
ties of the pure zPNR do not have any significant depen-
dence on the width of the nanoribbon at the low biases;
however, in higher biases, it could change the peak-to-
valley current ratio.
The calculated I − V curve of the pure zPNR is in
good agreement with the recent theoretical results re-
porting this value in zPNR devices with different sizes
[13–15]. Our study gives a clear physical picture of dif-
ferent transport regimes in this system.
Finally, we conclude that the transport properties of
zPNRs are not robust against the edge roughness and
edge disorder induced by both kinds of isovalent and iso-
size N and Si dopant atoms similar to graphene nanorib-
bons [53]. We would like to emphasize that the observed
negative differential resistivity behavior in zPNR devices
is an intrinsic character of these systems which is robust
against the size of the device as well as some types of
dopant impurities.
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FIG. 18: (Color online) The self-consistent voltage drop
along the transport direction for the doped and pure zPNR
devices at the external bias of 1 V. It has been averaged in
the two other directions perpendicular to transport.
Appendix A: Voltage drop and atomic current of
the doped system
Figure 18 shows how voltage drops through the central
part of the pure and doped systems in the bias voltage of
1 V. The results indicate that the pinning effect at this
bias becomes weaker compared to the results presented
in Fig. 15.
Figure 19 shows the contour plots of the calculated
atomic currents of those studied doped systems which
show the NDR characteristic and have higher conduc-
tivity. The corresponding bias voltage is 0.4 V and the
atomic current amounts are totaled over the bias window.
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FIG. 19: (Color online) The illustration of the local current
density obtained from the atomic current calculations in those
doped systems which show higher conductivity as well as the
NDR characteristic. The blue stars (cyan diamonds) present
Si (N) dopant atoms in the zPNR background.
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